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Imagination is more important than knowledge. For knowledge is limited to all we now know and 
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Nas últimas décadas, os biopolímeros receberam bastante atenção, especialmente devido às suas 
propriedades inerentes tais como biodegradabilidade, biocompatibilidade e propriedades 
biológicas. No entanto, eles apresentam algumas limitações numa ampla gama de aplicações, tais 
como na área da biomedicina, devido à sua baixa solubilidade em água e em solventes orgânicos 
biocompatíveis. Os líquidos iónicos (LIs) são considerados sais orgânicos com baixo ponto de 
fusão e surgiram como uma alternativa para superar esta limitação, devido essencialmente às suas 
propriedades peculiares. As propriedades dos LIs podem ser modeladas de acordo com a seleção 
adequada do catião e do anião. 
Nesse contexto, o objetivo desta tese visa o desenvolvimento de estruturas poliméricas através da 
dissolução de biopolímeros usando líquidos iónicos biocompatíveis. De modo a realçar as 
propriedades terapêuticas das estruturas poliméricas desenvolvidas, LIs que contenham fármacos 
na sua estrutura, nomeadamente a lidocaína e a procaína bem como o ibuprofeno, com 
propriedades analgésicas e anti-inflamatórias, respetivamente, foram sintetizados.  
Diferentes LIs parcialmente ionizados, designados usualmente como LIs próticos, foram 
sintetizados através de uma reação ácido-base, em que o catião selecionado apresenta um fármaco 
na sua estrutura (lidocaína e procaína) e estes foram combinados com aniões carboxilatos, 
nomeadamente acetato, propionato, hexanoato ou ibuprofenato (propriedades anti-inflamatórias). 
Os LIs foram caracterizados através de análises espetroscópicas (1H RMN e FTIR) de modo a 
elucidar a sua estrutura, térmicas (TGA e DSC) para avaliação das suas propriedades térmicas e 
estudos de viscosidade. Posteriormente, os LIs foram testados como solventes para a dissolução 
de biopolímeros, nomeadamente o complexo quitina-glucanos (CGC) e quitosano. Em geral, os 
LIs preparados que contêm o anião acetato ou propionato na sua estrutura demonstraram 
capacidade para dissolver o biopolímero CGC (1 wt. %). As estruturas poliméricas obtidas foram 
caracterizadas usando métodos adequados de modo a elucidar a sua morfologia (SEM), 
composição (FTIR), propriedades térmicas (TGA e DSC) e mecânicas (ensaios de perfuração) 
dependendo da sua forma (filme ou gel). A análise dos espetros de FTIR das estruturas 
poliméricas na forma de filme sugere que estas são constituídas maioritariamente por lidocaína 
na sua forma básica e no caso do gel, por procaína na sua forma básica. Em geral, todas as 
estruturas poliméricas apresentam menor estabilidade térmica relativamente ao CGC. O gel 
obtido apresenta um comportamento viscoso, enquanto que o filme apresenta uma superfície 
hidrofílica e fracas propriedades mecânicas, que limitam a sua aplicação. 
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In the last decades, biopolymers received much attention, especially due to its inherent properties, 
such as biodegradability, biocompatibility and biological properties. However, they showed some 
limitations in a wide range of applications, mainly in the biomedical field, due to their low 
solubility in water and in biocompatible organic solvents. To overcome this, ionic liquids (ILs) as 
low-melting organic salts appeared as an alternative dissolution agent, mainly due to their peculiar 
properties, which can be tuned according to the adequate selection of the cation and anion.  
In this context, this thesis aims the development of polymeric structures via biopolymer 
dissolution using innovative biocompatible ILs. ILs containing pharmaceutically acceptable drugs 
– namely lidocaine, procaine, and ibuprofen with anaesthetic and anti-inflammatory effects, 
respectively – were synthesized to enhance the therapeutic properties of the produced 
biopolymeric structures. This way, the IL will have a double role, it will act as a solvent for the 
biopolymer dissolution as well as a therapeutic agent, for example for topical delivery of 
anaesthetic and anti-inflammatory drugs.  
Different protic ionic liquids, which are ILs that are not fully ionized, have been successfully 
synthetized by acid-base reactions, using active pharmaceutical drugs as a cation (lidocaine or 
procaine) combined with carboxylate anions, namely acetate, propionate, hexanoate or 
ibuprofenate (anti-inflammatory properties). They have been characterized by spectroscopic 
techniques (1H NMR, FTIR) to assess their structure, thermal analysis (TGA, DSC) to evaluate 
their thermal stability, and viscosity studies. The prepared ILs have been tested as dissolution 
agents for different biopolymers, namely chitin-glucan complex (CGC) and chitosan. In general, 
the prepared ILs containing acetate or propionate anions seemed to be capable to dissolve the 
CGC biopolymer (1 wt. %). The obtained polymeric structures have been characterized by 
adequate methods to study their morphology (SEM), composition (FTIR), thermal (TGA, DSC) 
and mechanical properties depending on their form (films or gels). FTIR studies suggested the 
obtained films were composed mainly by lidocaine free base and the obtained gel was composed 
mainly by procaine free base. In general, all prepared polymeric structures showed lower thermal 
stability than the CGC biopolymer. The obtained gel exhibited a viscous behaviour, whereas films 
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1.1.  Biopolymers valorization 
Biopolymers are polymeric materials derived from biological sources. Polysaccharides 
integrate one of the three classes of biopolymers and are linear or branched polymeric 
carbohydrates. Polysaccharide-based biomaterials have huge importance in the field of various 
biomedical applications such as tissue regeneration, controlled drug delivery devices and gel-
entrapment systems for the immobilization of cells1,2. Important properties of the polysaccharides 
include controllable biological activity, biodegradability, and their ability to form hydrogels3. 
Most of the polysaccharides used derive from natural sources (Figure 1.1) and they can be neutral, 
cationic or anionic, depending on the presence of hydroxyl, amide or carboxyl groups in their 
structure, respectively. These polysaccharides can be easily extracted from plant fibers such as 
cotton, crustacean shells of crab for example and brown seaweeds like kelp, respectively. 
Cellulose is the most common biopolymer on Earth (about 33% of all plant matter is cellulose4).  
Figure 1.1 Examples of naturally derived polysaccharides comprising their molecular structure and source. 
Adapted from Xiong et al.5. 
Extensive research has been conducted on biodegradable polymeric materials, mainly 
because they are, in a huge majority, obtained from renewable sources3. Some of them present 
wide availability in nature and can be obtained at low price2,4. Frequently, they exhibit 
characteristics such as controlled reactivity, low toxicity, biocompatibility, biodegradability, and 
filmogenic properties5. These properties may find applications in a variety of fields, particularly 
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1.2. Chitin and chitosan 
Chitin and its derivative, chitosan, are biodegradable polymers obtained from natural sources. 
Both biopolymers are linear polysaccharides composed by monomeric repeating units linked 
through β-(1→4) glycosidic bonds7 (Figure 1.2. a). Chitin, which consists of 2-acetamido-2-
deoxy-D-glucan (GlcNAc) repeating units, is the second most abundant polysaccharide after 
cellulose and is insoluble in most organic solvents. Chitosan, which is composed of randomly 
distributed GlcNAc and 2-amino-2-deoxy-D-glucan (GlcN) units (Figure 1.2. b), is obtained as a 
partially or completely deacetylated form of chitin, leading to an improvement of its solubility 
depending on the proportion of GlcNAc units relative to the total number of units, known as 
degree of acetylation (DA)8. Generally, a lower DA in chitosan enhances its solubility in organic 
solvents. The applications of these biopolymers obtained from marine waste (e.g., crustacean 
shells and shellfish waste) into high-value biomaterials has both economic and environmental 
benefits9. 
Figure 1.2 (a) Haworth projection of chitin showing two of the GlcNAc units that repeat to form long 
chains linked through C1 and C4 of the next unit (numbered in blue). n is the number of GlcNAc repeated 
units. (b) Chemical structure of chitin (n>50%) and chitosan (m>50%), where n is the number of GlcNAc 
units and m is the number of GlcN units.10 
Chitin itself has appealing properties for biomedical applications, namely the acceleration of 
wound healing and tumor cell growth suppression9. The mentioned key properties of chitin have 
stimulated the development of many chitin-based products such as dressings for burns, vascular 
implants, artificial blood vessels and tumor inhibitors10. On the other hand, chitosan possesses 
film-forming ability and bacteriostatic action11. Moreover, chitosan is a strong base owing to the 
presence of primary amino groups and becomes a polyelectrolyte when such amino groups get 
protonated10, and as an example, chitosan can be dissolved in a 0.10 M acetic acid solution10. 
These polymers are formed by strong inter- and intramolecular hydrogen bonds between the 
polymer chains, which results in a low solubility in conventional solvents. Therefore, only a 
limited number of solvents have been found for chitin dissolution such as dimethylacetamide–
lithium chloride (DMAc–LiCl), NaOH/urea and hexafluoroacetone8. Although dissolution of 
chitin is possible by these solvents, many of them are toxic, hardly degradable, corrosive, or 
mutagenic8. Therefore, the selection of a suitable solvent for chitin solubilization is an important 
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1.1.1. Chitin–glucan complex 
Chitin–glucan complex (CGC) is a copolymer vastly found on the cell wall of yeasts and 
fungi, conferring stability and rigidity to the cells13. Two of the CGCs studied in this master’s 
thesis were produced by the Biochemical Engineering (BIOENG) group at UCIBIO/REQUIMTE 
within the facilities of FCT NOVA (Lisbon, PT), and will be designed throughout this thesis as 
CGC-FCT. CGC-FCT is a copolymer (Figure 1.3 a) composed by two types of polysaccharides, 
chitin, and glucans (repeating glucose units)13. CGC-FCT is the main component from the cell 
wall of Komagataella pastoris, formerly known as Pichia pastoris (Figure 1.3 b), a 
methylotrophic yeast commonly used in the pharmaceutical industry as a host to produce various 
recombinant heterologous proteins13 due to its capacity to reach high cell densities14.  
Figure 1.3 (a) Schematic representation of the molecular structure of β-glucan and chitin in CGC-FCT.13 
(b) Colored scanning electron micrograph of K. pastoris16. © Dennis Kunkel (Science Photo Library, 
London, UK). 
In this work, CGC-FCT inoculated in two different mediums, namely K and BSM, were 
used. Basal salts medium (BSM), developed by Invitrogen Co. (Carlsbad, USA), is the most used 
for cultivation of K. pastoris15. However, the utilization of BSM suffers from some operational 
problems and comprises some toxic compounds such as boric acid and sodium iodide16. In order 
to reduce or eliminate these problems, a novel cultivation medium, K, was reported in 2019 by 
Freitas et al.15. Medium K has considerably lower salts content, thus representing a simplification 
of the bioprocess with no precipitation problems, without impacting on the polymers’ 
composition15. Depending on the cultivation conditions (such as the pH, temperature or medium 
composition), and the extraction procedures, the content of CGC in K. pastoris biomass ranges 
within 11–20 wt.%13,15.  
As it is a non-animal chitin source, CGC avoids any allergen risk of crustacean sources14 
and contains no heavy metals. CGC has also demonstrated to combine antioxidant, antibacterial 
and anti-inflammatory properties which make it attractive for high-added value applications, such 
as in cosmetics or in biomedicine (e.g., wound dressing and surgical adhesives).14 Similarly to 
chitin, biomedical applications of CGC have some limitations due to their insolubility in water 
and in most of the conventional organic solvents14,17. 
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modified strains of Aspergillus niger derived from a fermentation process17, was also used in this 
master’s thesis for comparison purposes, and is designed here as CGC-Com. CGC-Com is sold 
under the trade name KiOnutrime®-CG by KitoZyme, the global leader in manufacturing chitosan 
and chitin–glucan from fungal origin. This product has a content of more than 90% chitin–glucan 
and was marketed in different food supplement formats to enhance the daily intake of fiber17. The 
European Food Safety Authority Panel stated that KiOnutrime®-CG is safe as a food ingredient 
at the proposed conditions of use and the proposed intake levels17.  
Within this scenario, the dissolution of biopolymers such as CGC and chitosan in 
biocompatible ionic liquids was pointed out as an alternative approach. Hence, this approach 
combines two Green Chemistry principles, namely the use of environmentally benign solvents 
and biopolymers obtained from renewable resources (i.e., the yeast K. pastoris). 
1.3. Ionic liquids 
In a search for more efficient and at the same time more environmentally benign processes, 
chemists have turned their attention to a class of alternative solvents – ionic liquids (ILs). ILs are 
currently defined as organic salts with low melting points, conventionally below 100 °C (some 
are liquid at room temperature – RTILs), and are composed only by ions18,19. Via an appropriate 
selection of the anion and the cation it is possible to tailor ILs with completely different properties. 
Although ILs are not as environmentally safe as they were previously thought, they can be 
regenerated and reused several times, which would decrease their ecological impact significantly. 
This class of organic salts has several properties of interest, such as its low vapor pressure 
and flammability, high thermal and chemical stability, tunable density and viscosity depending 
on cation and anion selection, as well as solubility in water and in common organic solvents18. 
Extensive research into ILs has led to a fast development of this area in recent decades, leading 
to distinct classifications of ILs by generations based on their properties. 
The earliest examples of ILs have been classified according to their chemical structure and 
properties into 3 different generations: (1) chloroaluminates, (2) non-chloroaluminates and (3) 
task specific ILs. Later, Rogers and coworkers proposed to classify ILs into other 3 different 
generations according to their properties and applications (Figure 1.4). Generation 1 includes 
compounds with adjustable physical properties, such as density, viscosity, conductivity and 
solubility depending on the nature of the cation and anion and/or their ratio. Unlike the first 
generation, Generation 2 comprises ILs with targeted chemical properties. Lastly, Generation 3 
consists of ions with known biological activities such as active pharmaceutical ingredients (APIs) 
in their cation, anion, or both, resulting in biologically active ILs, also known as API-ILs. Since 
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Figure 1.4 Evolution of ILs according to Rogers and coworkers. Physical properties, chemical properties 
and biological activity of the cation and anion are depicted with matching colors. Adapted from Rogers et 
al.22 
Researchers have attempted to overcome the obstacles in the synthesis of APIs and 
crystallization, which have recurrent problems related to their reduced solubility and consequently 
bioavailability19,20, by performing the synthesis of API-ILs. Even though favorable results were 
obtained, the pharmaceutical industry does not yet use ILs as solvents for industrial practices due 
to doubts regarding cost, purity, toxicity, and regulatory approval19. 
Still, ILs have different physicochemical properties which have been widely studied for 
industrial applications outside the pharmaceutical industry. Large companies such as Merck 
KGaA have developed hundreds of specialty IL products and several companies have been 
founded to synthesize ILs in small to large scale quantities for novel applications (e.g., 525 
Solutions, Solvent Innovation, Iolitec, Solvionic, Bioniqs, among others)19. Some examples of 
product lines are BASIONIC™ (a range of ILs) and CELLIONIC™ (5 wt.% cellulose dissolved in 
the IL 1-ethyl-3-methylimidazolium acetate) launched by BASF19 (Ludwigshafen, Germany). 
1.1.2. Synthesis of ionic liquids  
There are two basic methods for the preparation of ILs: ion-exchange or acid-base 
neutralization reactions23. Ion-exchange reactions (Scheme 1.1) can be employed if the desired 
anion and cation are available as salts themselves, commonly paired with an alkali metal and 
halogen, respectively. Unfortunately, this reaction generates a halide salt as byproduct that usually 
cannot be completely extracted from the IL24, leading to undesired effects on its physical and 
chemical properties25. On the other hand, the acid-base reaction avoids the inorganic salt 
formation, making it preferable over the ion-exchange reaction. 
[Cation]X  +  M[Anion]   [Cation] [Anion]  +  MX 
Scheme 1.1. Generalized ion-exchange reaction for exchanging anions, where X is a halogen, M is an alkali 
metal and MX is the halide salt byproduct (inorganic salt). 
 
The main challenge in synthesizing ILs via ion-exchange reaction often lies in the 
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possible with ILs because of their low vapor pressure and high thermal stability. Alternatively, 
the ion-exchange reaction can be carried out in an organic solvent that allows for precipitation of 
the inorganic salt (i.e., a solvent in which the byproduct is insoluble) for subsequent separation 
via filtration. Another problem related with IL purity lies with their hygroscopicity. ILs are 
hygroscopic salts, i.e., they uptake water during synthesis and it is difficult to remove the water 
completely. In any case, the presence of water in residual amounts changes the ILs 
physicochemical properties. This includes an increase in the electrical conductivity and a decrease 
in viscosity, a narrowing of the electrochemical window, hydrolysis, thermal decomposition and 
a change of reactivity and solvating ability26,27. 
In the case of an API-IL, the API can be either the cation, anion, or both.27 Several 
advantages are expected by eliminating the need to dissolve the API in a solvent including (1) 
high API concentration; (2) low IL vapor pressure, which essentially eliminates problems 
associated with evaporation; and (3) increased API stability due to lack of interactions with a 
solvent22,27. The molar ratio between the API and counterion and the degree of ionicity are critical 
for the IL properties, since these influence bioavailability (including solubility, absorption, 
distribution, metabolism, and excretion)27. 
1.4. Dissolution of chitin, chitosan and CGC in ILs 
Recent works have shown the potential of ILs as solvents for the dissolution and processing 
of biopolymers, such as cellulose, chitin28, chitosan10 and CGC. One of the most remarkable 
properties of ILs is their ability to dissolve cellulose, which has structural resemblance to chitin 
(i.e., cellulose with one hydroxyl group on each monomer replaced with an acetyl amine group 
resembles chitin).  
Several studies reported in the literature have proved that the solubilization of chitin is 
possible in ILs and differs upon distinct factors, comprising: (1) the crystallinity, i.e., β-chitin has 
a parallel arrangement with weak intermolecular forces leading to higher reactivity and affinity 
for solvent compared to α-chitin; (2) the mineral contents, practical grade chitin with higher 
mineral contents is considerably harder to dissolve than pure chitin; (3) the DA and the molecular 
weight (MW), where typically for lower DA and MW, chitin is more soluble; (4) the nature of the 
cation of the IL, where a short alkyl chain on the IL may improve chitin solubility; and (5) the 
nature of the anion of the IL, as chitin needs a more basic anion due to the higher number of H-
bond donors and acceptors compared to cellulose28. 
In 2002, 1-butyl-3-methylimidazolium chloride ([C4mim]Cl) and 1-butyl-3-
methylimidazolium acetate ([C4mim][OAc]) ILs were reported to be capable to dissolve chitin29. 
According to Swatloski et al.29, dissolution studies were performed in a 100 ºC-oil bath, yet, 
neither detailed conditions such as chitin grade, solubility values nor dissolution time in these ILs 
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pure grade chitin (i.e., commercial chitin conventionally with chitin content above 80%) and 
chitosan with solubilities of approximately 10 wt.% for 5 hours at 110 ºC. However, chitin origin 
was not mentioned. Qin et al.31 reported that using 1-ethyl-3-methylimidazolium acetate 
([C2mim][OAc]) was capable to dissolve pure chitin from crab shells with 16.7 wt.% solubility 
(this value was calculated from a 80% load mass dissolved) at 100 ºC for 19 h.  
Given the large variety of chitin and chitosan grades, ILs, and dissolution conditions reported 
or misreported in the literature as above-mentioned, it becomes difficult to understand which IL 
and dissolution conditions are more effective. Recent studies using molecular dynamics 
simulations and then, experimental confirmation about the mechanism of dissolution of chitin in 
imidazolium based-ILs have been reported32,33. These studies showed that the predominant 
interaction between ILs and chitin appears to be H-bonding between the anion and the polymer, 
and that anions, namely bromide and acetate, interact with the polar domains of chitin. Chen et 
al.34 studied the solubilities of chitosan, with temperatures ranging from 50 ºC to 150 ºC, in 
[C4mim]-based ILs combined with basic anions and suggested that H-bonds in the polymer have 
also been disrupted partially by the increase of temperature (e.g., the solubility in [C4mim][OAc] 
at 150 ºC was nearly 9-fold higher than at 70 ºC).  
Recently, in the Bio(chemical) Process Engineering research group at the Associated 
Laboratory for Green Chemistry (LAQV) in collaboration with the BIOENG group, several works 
regarding the preparation of biopolymeric structures based on CGC biopolymer dissolution using 
ILs have been conducted. The selected ILs were based on the cholinium cation and short alkyl 
chain carboxylate anions (acetate, propionate and hexanoate) using different dissolution 
conditions depending on the CGC origin: 24 h at 80 ºC35,36 and 24 h at 110 ºC35,36 for CGC-FCT 
and CGC-Com, respectively. In 2020, Ferreira et al.37 reported CGC dissolution values above 5 
wt% using choline based-ILs, namely, cholinium acetate ([Chol][OAc]), cholinium propionate 
([Chol][OPr]) and choline hexanoate ([Chol][OHex]), which were the same carboxylate anions 
selected to be tested in this master’s thesis. 
1.5. Main goals of the thesis 
Biomedical applications of CGC biopolymers have been hindered due to their insolubility in 
water and in most of the conventional organic nontoxic solvents. As an alternative to these 
conventional organic nontoxic solvents, the above-mentioned studies have shown the potential of 
using ILs as solvents for the dissolution of chitin, chitosan, and CGCs35-37. In this context, this 
thesis aims the development of polymeric structures via biopolymer dissolution using innovative 
biocompatible ILs, containing pharmaceutically acceptable drugs, and further evaluate their 
potential application in the biomedical field. 
Further characterization of the polymeric structures developed in our group at LAQV proved 
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supposed to remove the IL completely35-37. Since it was not possible to remove the IL from the 
prepared biopolymeric structures, ILs containing active pharmaceutical ingredients (APIs) – 
namely lidocaine, procaine, and ibuprofen with anesthetic and anti-inflammatory effects – were 
synthesized to enhance the therapeutic properties of the produced biopolymeric structures. This 
way, the API-IL plays a double role, in one hand act as a dissolution agent for the biopolymer and 
on the other hand acts as a therapeutic agent for potential topical delivery of anesthetic and anti-
inflammatory drugs when present in the biopolymeric structure.  
In order to obtain polymeric structures, several tasks were accomplished, including: (1) 
synthesis of API-ILs composed of short alkyl chain carboxylate anions and/or pharmaceutically 
acceptable drugs; (2) characterization of API-ILs by rheological studies, spectroscopic (1H NMR 
and FTIR) and thermal analysis (DSC and TGA) techniques to assess their viscosity, purity, 
functional groups and thermal stability, respectively; (3) characterization of biopolymers by 
spectroscopic (FTIR) and thermal analysis (DSC and TGA) techniques to assess their functional 
groups (composition) and thermal stability, respectively; (4) dissolution studies of the 
biopolymers chitosan, CGC-FCT (inoculated in two different mediums) and CGC-Com using the 
synthesized API-ILs, where biopolymer concentration, oil-bath temperature, operation time and 
stirring rate were changed and optimized; (5) phase inversion method in water and in glycerol 
10% (v/v), after visually assessing dissolution and casting the mixture, to partially remove the IL 
and promote a biopolymeric structure formation after drying at room temperature; (6) 
characterization of the obtained biopolymeric structures via adequate methods to study their 
morphology, composition, thermal stability, and mechanical and viscoelastic properties 
depending on their form (films or hydrogels). 
1.6. Thesis outline 
Firstly, ILs containing in their structure APIs as cations and/or anions were synthesized and 
purified. Given the studies for acetate based ILs in chitin, chitosan and CGC dissolution, the anion 
acetate (conjugate base of acetic acid) and similar short alkyl chain carboxylate anions (propionate 
and hexanoate) were selected as anions due to their low steric hindrance to tune the design of the 
API-ILs. 
Secondly, characterization of the prepared API-ILs was performed to assess the cation to 
anion ratio, elucidate the cation and anion functional groups and evaluate physicochemical 
properties such as viscosity and thermal stability. After confirming that the cation to anion ratio 
was approximately 1:1, dissolution studies using 4 different biopolymers in 8 different API-ILs 
were performed. Then, for those where a successful dissolution was visually observed, a 
biopolymeric structure was developed. 
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was performed via adequate methods to study their morphology, composition, thermal stability 
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2. Materials and methods 
 
2.1. Chemicals 
All acquired reagents and solvents for IL synthesis were used without further purification. 
Ibuprofen sodium salt (99.9 %), hydrochloric acid (37.0%), lidocaine hydrochloride monohydrate 
(99.0 %), propionic acid for synthesis (99.0 %) and hexanoic acid for synthesis (98.0%) were 
purchased from Sigma-Aldrich (Missouri, USA). Lidocaine free base (99.9%) was purchased 
from Biosynth Carbosynth (Berkshire, UK). Procaine hydrochloride (99.4%) was purchased from 
Tokyo Chemical Industry (Tokyo, Japan) and Alfa Aesar (Massachusetts, USA). Glacial acetic 
acid (99.8%) was purchased from Carlo Erba Reagents (Paris, France). Sodium hydroxide 
(99.0%) was purchased from LaborSpirit (Lisbon, Portugal). Deuterated dimethyl sulfoxide 
(DMSO-d6) was purchased from Eurisotop (Saint-Aubin, France). Hydranal Coulomat AG was 
purchased from Riedel-de Haën (Seelze, Germany). 
All tested biopolymers were used without further purification. Chitosan (practical grade, from 
shrimp shells, SLBX7456) was purchased from Sigma-Aldrich (Missouri, USA). CGCs-FCT 
(mediums K and BSM) were supplied and produced by the BIOENG group (FCT NOVA, 
Lisbon). CGC-Com was purchased from KitoZyme (Herstal, Belgium) under the trade name 
KiOnutrime®-CG. 
2.2. Experimental synthesis 
2.2.1. Purification of APIs 
Prior to the synthesis of lidocaine- or procaine-based ILs with an equimolar of a suitable 
organic acid, lidocaine, procaine free base as well as ibuprofen free acid, were previously prepared 
through an acid-base titration reaction against an equimolar aqueous solution of sodium hydroxide 
or hydrochloric acid solution, respectively. These procedures were generally adapted from 
previous literature reports27. The experimental procedures are described below. 
Lidocaine free base: Lidocaine hydrochloride monohydrate (19.60 g, 0.70 mol) was dissolved in 
distilled water at room temperature using a magnetic stirrer (Velp Scientifica, Italy). A 4.7 M of 
sodium hydroxide solution was added dropwise to the previous solution under vigorous stirring 
at room temperature. A white, crystalline precipitate was formed after approximately 30 minutes 
and subsequently, it was filtered and washed with water to remove any traces of sodium chloride 
(by-product). The isolated product was dried in a vacuum line for one hour and then, lyophilized 
for approx. 24 hours using a LyoQuest benchtop freeze dryer (Telstar, Japan). A white solid 
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Procaine free base: Procaine hydrochloride (34.41 g, 0.13 mol) was dissolved in distilled water at 
room temperature using a magnetic stirrer (Velp Scientifica, Italy). A 5.1 M sodium hydroxide 
aqueous solution was added dropwise to the previous solution and the solution was stirred at room 
temperature. A white precipitate was formed but rapidly became a colorless oil. To promote the 
crystallization of the desired product, the previous solution was placed into an ice bath during 2 
hours. Then, the precipitated was isolated by vacuum filtration as well as washed with distilled 
water to remove any traces of sodium chloride (by-product). The desired product was lyophilized 
for approx. 24 h using a LyoQuest benchtop freeze dryer (Telstar, Japan) and then, dried in 
vacuum line to give a light-yellow oil (31.15 g, 97.2 %), and the chemical structure was checked 
by FTIR-ATR spectroscopy.  
Ibuprofen free acid: Ibuprofen sodium salt (30.15 g, 0.13 mol) was placed into a 250 mL glass 
beaker. The salt was dissolved at 40 °C into 150 mL of distilled water using a magnetic stirrer 
(Velp Scientifica, Italy) until a clear solution was observed. Following the dissolution, 19 mL of 
a 7.0 M hydrochloric acid aqueous solution was added dropwise to the previous solution with 
mild stirring for the neutralization reaction to occur at room temperature. The mixture continued 
to be stirred at room temperature until ibuprofen free acid precipitated completely (after approx. 
3 h). The precipitate was separated by vacuum filtration as well as washed with distilled water to 
remove any traces of sodium chloride (by-product). The final product was then collected into a 
50 mL round-bottomed flask and dried under vacuum line for approx. 6 h for 3 days yielding a 
white powder (23.34 g, 85.7%). The chemical structure was checked by FTIR-ATR spectroscopy.  
2.2.2. Synthesis of API-ILs 
These procedures were generally adapted from previous literature reports27. The 
experimental procedures are described below. 
Lidocainium acetate: Glacial acetic acid (11.0 mL, 0.18 mol) was added dropwise to an equimolar 
amount of lidocaine free base previously prepared and melted (43.11 g, 0.18 mol) in a square-
bottomed Schott flask. The mixture was warmed with mild stirring at 80 °C (water bath 
temperature) using a magnetic stirrer (Velp Scientifica, Italy) for one hour and a free-flowing 
clear liquid was observed. After the solution was cooled, a clear, viscous liquid was obtained, 
until starting to crystallize.  
Lidocainium propionate: Propionic acid (12.9 mL, 0.17 mol) was added dropwise to an equimolar 
amount of lidocaine free base previously melted (41.24 g, 0.17 mol) in a square-bottomed Schott 
flask. The mixture was warmed with mild stirring at 80 °C (water bath temperature) using a 
magnetic stirrer (Velp Scientifica, Italy) for one hour and a free-flowing clear liquid was observed. 
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Lidocainium hexanoate: Hexanoic acid (18.1 mL, 0.16 mol) was added dropwise to an equimolar 
amount of lidocaine free base previously melted (36.33 g, 0.16 mol) in a square-bottomed Schott 
flask. The mixture was warmed with mild stirring at 80 °C (water bath temperature) using a 
magnetic stirrer (Velp Scientifica, Italy) for one hour and a free-flowing clear liquid was observed. 
After the solution was cooled, a clear and colorless liquid was obtained.  
Procainium acetate: Glacial acetic acid (4.5 mL, 0.82 mol) was added dropwise to procaine free 
base previously melted (19.00 g, 0.80 mol) in a square-bottomed flask. The mixture was warmed 
with stirring at 80 °C (oil bath temperature) for one hour and a free-flowing clear liquid was 
observed. After the solution was cooled, a clear and dark yellow liquid was obtained.  
Procainium propionate: Propionic acid (4.2 mL, 0.57 mol) was added dropwise to an equimolar 
amount of procaine free base previously melted (13.40 g, 0.57 mol) in a square-bottomed Schott 
flask. The mixture was warmed with mild stirring at 80 °C (oil bath temperature) for one hour 
and a free-flowing liquid was observed. After the solution was cooled, a pale waxy liquid was 
obtained.  
Procainium hexanoate: Hexanoic acid (7.2 mL, 0.62 mol) was added dropwise to an equimolar 
amount of procaine free base previously melted (14.62 g, 0.62 mol) in a square-bottomed Schott 
flask. The mixture was warmed with mild stirring at 80 °C (oil bath temperature) for one hour 
and a free-flowing liquid was observed. After the solution was cooled, a pale liquid was observed.  
Lidocainium ibuprofenate: Ibuprofen free acid (16.59 g, 0.80 mol) and lidocaine free base (18.84 
g, 0.80 mol) were melted with stirring at 80 °C (water bath temperature) in a square-bottomed 
Schott flask for one hour, and a free-flowing clear liquid was observed. After the solution was 
cooled, a colorless viscous liquid was obtained.  
Procainium ibuprofenate: Ibuprofen free acid (24.82 g, 0.12 mol) was previously melted with 
stirring at 80 °C using a magnetic stirrer (Velp Scientifica, Italy) and procaine free base (28.99 g, 
0.12 mol) was added, and the mixture was warmed with stirring at 80 °C (water bath temperature), 
for one hour and a free-flowing clear liquid was observed. After the solution was cooled, a 
yellowish waxy liquid was obtained.  
2.3. Characterization of API-ILs  
2.3.1. Proton nuclear magnetic resonance spectroscopy 
Proton nuclear magnetic resonance (1H NMR) spectra were collected by Dr. Ana Lopes 
using a Bruker Avance III 400 MHz spectrometer operating at 400.13 MHz. Samples were 
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mL of DMSO-d6) and placed in capillary tubes. 1H chemical shifts (δ) are reported as parts per 
million (ppm) relative to the quintet signal of DMSO-d6 solvent at 2.50 ppm. These solvent peaks 
were used as external reference during assignment and integration of proton peaks using 
MestReNova v. 6.0 (Mestrelab Research S.L., Spain).  
2.3.2. Fourier-transform infrared spectroscopy 
Fourier-transform infrared (FTIR) spectra were collected at room temperature using a 
Perkin Elmer Spectrum Two spectrometer featuring an attenuated total reflection (ATR) by 
placing neat samples over a diamond crystal. Spectra were recorded with 14 scan accumulations 
at 1.0 cm-1 resolution and were obtained in the range of 400 – 4000 cm-1.  
2.3.3. Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was performed by Carla Rodrigues from chemical 
analysis laboratory at LAQV (FCT NOVA) on a Setaram LABSYS evo from analysis laboratory 
from LAQV (FCT NOVA). Samples were placed into aluminum crucibles and were heated at a 
constant rate of 10 °C/min, from 25 °C to 500 °C, under an argon flow of 50 mL/min.  
2.3.4. Differential scanning calorimetry 
Differential scanning calorimetry (DSC) was performed using a TA Instruments 
Discovery DSC 25 with a refrigerated cooling system. Samples were placed in closed aluminum 
pans. To allow any residual water to escape and to avoid the risk of the pans bursting under 
pressure, a small pinhole was made on the pan lid. An empty closed pan was used as reference. 
Heating and cooling were conducted at a constant rate of 10 °C/min, except where mentioned, 
under a nitrogen atmosphere using a purge flow rate of 50 mL/min.  
A typical experiment was run as follows: after equilibration at 20 °C the sample was 
cooled to −90 °C followed by a 1-minute isotherm and then, heated to 100 °C followed by a 1-
minute isotherm. This cycle was repeated three times. Besides the experiments with all 
synthesized API-ILs, experiments with the reagent APIs were also employed using a slightly 
wider temperature range. In general, the second and third cycles proved to be identical, hence 
transition temperatures were acquired in the last cycle, except where mentioned.  
2.3.5. Viscosity studies 
Viscosity studies were performed by Dr. Rita Craveiro from Des.solve Group at FCT-
NOVA (Lisbon, PT). Viscosity measurements were executed on an Anton Paar MCR 102 
modular compact rheometer. Two different experiments were performed: (1) shear rate sweep 
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heating rate of 5 °C/min and a constant shear stress of 20 Pa. 
2.3.6. Water content determination 
Coulometric Karl Fischer (KF) titration was performed using a Metrohm AG 831 KF 
coulometer. Droplets of fluid IL samples were injected into the titration vessel of the KF apparatus 
using a syringe. The sample mass (obtained by posteriorly weighing of the syringe) was set to 
produce results (water content in parts per million). The measurements were made in triplicate. 
The residual or penetrating water that the KF apparatus removed per minute was in the range from 
8 to 14 μg/min. The reagent (anolyte solution) used was Hydranal Coulomat AG. 
 
2.4. Dissolution studies 
Dissolution studies of the biopolymer’s chitosan, CGCs-FCT (inoculated in mediums K and 
BSM) and CGC-Com using the prepared API-ILs were performed. The biopolymers mass was 
calculated as a percentage by weight (wt%) relative to the used API-IL mass. Dissolution studies 
were performed using two different dissolution conditions: (1) 70 °C for 3 days and, (2) 100 °C 
for 1 day.  
All the experiments were carried out in the same fashion, according to the following 
procedure: (1) 5 to 9 g of API-IL were weighed into a glass vial; (2) the vial was then immersed 
in a silicone oil bath (Baysilone M350), and the API-IL was heated with stirring until the 
dissolution temperature is reached; (3) 1 wt% of biopolymer was slowly added; (4) the mixture 
was stirred at 1000 rpm and heated in a thermostatic oil bath at 70 °C for 3 days or at 100 °C for 
1 day; (5) after that period, dissolution was assessed visually. After assessing a partial or 
successful dissolution (i.e., no biopolymer’s particles were observed in suspension), the previous 
experiment was scaled up to 10 g API-IL and the correspondent amount of biopolymer (1 wt%). 
2.5. Preparation of biopolymeric structures 
A 3-step procedure, as illustrated in Figure 2.1, was followed to prepare biopolymeric 
structures. These steps comprise: (1) 10 g API-IL and 1 wt% biopolymer mixture casting into a 
metal disc (the mixture covers the surface of the disc with 6.5 cm diameter); (2) metal disc 
immersion on a coagulation bath – phase inversion in distilled water or aqueous solution 
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Figure 2.1 Illustration of the 3-step procedure for the preparation of polymeric structures. 
2.6. Characterization of films 
2.6.1. Scanning electron microscopy 
Scanning electron microscopy (SEM) was performed by Isabel Nogueira from MicroLab 
at Instituto Superior Técnico (Lisbon, PT). Micrographs of the cross section and surface of the 
samples were obtained at magnifications of 40× and 100× for the cross section and at 100×, 500× 
and 1000× for the surface, using a SEM Hitachi model S2400 with an accelerating voltage of 20 
kV. The samples were placed on an Al sample holder using double-sided carbon tape and sputter 
coated with a gold/palladium (Au/Pd) thin film on a Quorum Technologies Q150T ES. 
Micrographs were acquired using Esprit 1.9 software (Bruker, Massachusetts). 
2.6.2. Fourier-transform infrared spectroscopy 
Fourier-transform infrared (FTIR) spectra were collected at room temperature using a 
Perkin Elmer Spectrum Two spectrometer featuring an attenuated total reflection (ATR) by 
placing neat samples over a diamond crystal. Spectra were recorded with 14 scan accumulations 
at 1.0 cm-1 resolution and were obtained in the range of 400 – 4000 cm-1.  
2.6.3. Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was performed by Carla Rodrigues from chemical 
analysis laboratory at LAQV (FCT NOVA) on a Setaram LABSYS EVO. Samples were placed 
into aluminum crucibles and were heated at a constant rate of 10 °C/min, from 25 °C to 600 °C, 
under an argon flow of 50 mL/min. 
2.6.4. Differential scanning calorimetry 
Differential scanning calorimetry (DSC) was performed using a TA Instruments DSC 
Q2000 with a refrigerated cooling system. Samples of approximately 5 mg were placed in closed 
aluminum pans. To allow any residual water to escape and to avoid the risk of the pans bursting 




     17 
 
reference. Heating and cooling were conducted at a constant rate of 10 °C/min, under a nitrogen 
atmosphere using a purge flow rate of 50 mL/min.  
A typical experiment was run as follows: after equilibration at 20 °C from the set point 
(40 °C), the sample was cooled to −90 °C followed by a 1-minute isotherm and then heated to 
120 °C followed by a 1-minute isotherm. This cycle was generally repeated three times. The 
drying procedure employed to remove any residual water from the samples consisted of the first 
heating scan, where the sample was heated to 100 °C followed by a 1-minute isotherm. For this 
reason, the thermal transitions were determined from the last heating or cooling scan, except 
where mentioned. 
2.6.5. Contact angle measurements  
Contact angle measurements were made using a goniometer. A drop of distilled water 
was placed at the film surface using a syringe (sessile drop method). The measurements were 
performed in triplicate at room temperature. Programming of the experiments and data collection 
was done using CAM2008 software (KSV Instruments, Finland).  
2.6.6. Mechanical properties 
The mechanical properties were determined using a Stable Micro Systems TA.XTplus 
Texture Analyzer. Samples of approximately 25×25 mm size were immobilized on a flat platform 
with a 5 mm diameter hole. The maximum force at break was estimated using a needle probe of 
2 mm in diameter at a test speed of 0.5 mm/s. The measurements were performed in triplicate and 
the maximum values obtained were averaged. The thickness of the films was determined using a 
micrometer (Elcometer Ltd., UK) averaging measurement at three random positions of the film 
(avoiding edges) to calculate the mean thickness. 
2.7. Characterization of hydrogel 
2.7.1. Fourier-transform infrared spectroscopy 
Same method described at 2.6.1 was done for the characterization of hydrogels. 
2.7.2. Thermogravimetric analysis 
Same method described at 2.6.3 was done for the characterization of hydrogels. 
2.7.3. Differential scanning calorimetry 
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2.7.4. Rheological studies 
Rheological studies were performed at 25 °C on a Thermo Scientific Haake Mars III 
controlled stress rheometer equipped with a cone-plate geometry (diameter 35 mm) with a gap of 
0.105 mm. A stress sweep was performed in the range of 0.1 to 1000 Pa at a constant frequency 
of 1 Hz. From this measurement, a tension of 0.5 Pa was selected to perform the frequency sweep 
in the range of 0.01 to 100 Hz. The mechanical spectrum was obtained using HAAKE RheoWin 
Job Manager software (Thermo Scientific, Germany) where the storage (G’) and loss (G’’) moduli 
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3. Results and discussion 
 
3.1. Synthesis of API-ILs 
Bearing in mind the potential topical drug delivery application, pharmaceutically acceptable 
APIs with anesthetic and anti-inflammatory response were selected as base or acid to for IL 
synthesis. Herein, lidocaine and procaine, which are members of the Caine family of 
pharmaceutical local anesthetics, and ibuprofen, which is member of the nonsteroidal anti-
inflammatory drugs (NSAIDs) class, have been selected as APIs to prepare API-ILs. In this 
context, lidocaine and procaine were combined with different organic acids, including ibuprofen 
(in its acidic form) as shown in Figure 3.1. The anion acetate (conjugate base of acetic acid) and 
similar short alkyl chain carboxylate anions (propionate and hexanoate) were chosen due to their 
low steric hindrance and hydrogen-bond basicity, which are important parameters for biopolymer 
dissolution as reported in previously mentioned studies for acetate based ILs in cellulose, chitin, 
chitosan and CGC dissolution35-37. 
 
Figure 3.1 Chemical structures of the pharmaceutical local anesthetics and anions selected for API-IL 
synthesis. Each base, A and B, was combined with a carboxylic acid from 1 to 4.  
All the above-mentioned acids and bases were combined via acid-base reactions to 
produce the desired API-ILs. The acid-base reaction avoids the formation of inorganic salts, 
making it preferable over the conventional ion-exchange reaction. Prior to the synthesis of the 
API-ILs, the salt form of the three selected APIs were converted to their basic or acidic form via 
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Table 3.1 Melting points (Tm) of APIs and the correspondent acid-base reaction yields performed to obtain 
the basic or acidic form of the desired API.  
API salt form API Tm a  [°C] Yield [%] 
HCl·H2O Lidocaine free base 68–6952,53 93.4 
HCl Procaine free base 6154 97.2 
Na Ibuprofen free acid 7655 85.7 
a
 Melting temperature reported in the literature. 
A total of eight API-ILs were synthesized by mixing equimolar amounts of lidocaine or 
procaine in its basic form with the selected acid at room temperature. The appearance and the 
abbreviations chosen for the API-ILs are presented in Table 3.2. A picture of the synthesized API-
ILs is provided in Appendix I. 
Table 3.2 Abbreviations and appearance of the synthesized API-ILs. 
API-ILs Abbreviation Appearancea  
Lidocainium acetate [Lid][OAc] Pale crystalline solid 
Lidocainium propionate [Lid][OPr] Yellowish viscous liquid 
Lidocainium hexanoate [Lid][OHex] Colorless liquid 
Lidocainium ibuprofenate [Lid][Ibu] Colorless viscous liquid 
Procainium acetate [Pro][OAc] Dark yellow liquid 
Procainium propionate [Pro][OPr] Pale waxy liquid 
Procainium hexanoate [Pro][OHex] Pale liquid 
Procainium ibuprofenate [Pro][Ibu] Yellowish waxy liquid 
a Appearance observed at room temperature after 2–3 weeks after the synthesis. 
3.2. Characterization of API-ILs 
The main aim of the performed characterization techniques was to assess the structure, 
viscosity, and thermal stability of the synthesized API-ILs prior to performing dissolution studies. 
As the water content in ILs affects all the properties mentioned above, it will consequently 
influence their reactivity and solvating ability38, and thus it is relevant to determine API-ILs water 
content. 
Although water content determination via coulometric Karl Fischer (KF) titration of the 
prepared API-ILs was attempted, the synthesized procaine based ILs were too viscous to be 
injected through a needle across the sample injection cap of the KF apparatus. The water content 
determined for the assessed fluid lidocaine based ILs was in the range of 0.15% to 0.25% ± 0.05 
(w/w). These low values can be attributed to the lack of water uptake by lidocaine free base, which 
is slightly hygroscopic comparing to the procaine free base, making it an attractive base to tune 
the design of water free ILs for anesthetic drug delivery. On the other hand, in the case of 
[Pro][OAc] and possibly in all procaine based ILs, according to Rogers and coworkers39, the 
presence of water leads directly to crystallization of a dihydrate form that cannot be dehydrated 
without decomposition. 
As unintended crystallization of APIs in API-ILs can dramatically alter its solubility and 
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we can assure no decomposition during dissolution and anticipate API-IL crystallization over 
time. 
3.2.1. Proton nuclear magnetic resonance spectroscopy 
Following API-IL synthesis and before performing further characterization techniques, 
proton nuclear magnetic resonance (1H NMR) spectroscopy was performed to elucidate the 
chemical structure of the prepared API-ILs. Since both cation and anion have protons, we can 
determine the cation to anion ratio and assess if an equimolar ratio was attained.   
An example of a 1H NMR spectra of a prepared API-IL is presented in Figure 3.2, where 
the protons of the cation and anion are labeled alphabetically to check its chemical structure. 
 
Figure 3.2 1H NMR spectrum of lidocainium ibuprofenate ([Lid][Ibu]) in DMSO-d6 solution and 
assignment of the proton signals to hydrogen-labeled chemical structure of [Lid][Ibu].  
The 1H NMR analysis of [Lid][Ibu] showed signals in aliphatic and aromatic regions that 
can be attributed to the protons from both cation and anion structures, which agrees with the 
estimated integration values that correspond to the relative areas under the different attributed 
signals. Taking this into account, it is possible to conclude the sample contains both cation and 
anion structures as expected with high relative purity levels. Once, both cation and anion have 
protons in their structures it is possible estimate the proportion between them. The proton signals 
selected for cation to anion ratio determination were the ones associated to the six protons on the 
terminal methyl groups indicated with the letters “a” and “i” in Figure 3.2. Thus, the correlation 
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expected value for the six protons on the methyl groups indicated with the letter “i”; used as 
proton reference value) and Ha is the obtained value for the quantitative integration of the protons 
indicated with“a”(5.87) leading to a cation to anion ratio of 1:0.98.  
The 1H NMR spectra of the remaining API-ILs are provided in Appendix II. In general, 
the cation to anion ratio was determined by quantitative integration of the preferred proton peaks, 
usually protons on lidocainium or procainium aromatic ring and the obtained ratios had to be 
within the range of 0.95–1.05 on the anion, so that the desired IL equimolar proportion was 
confirmed as shown in Table 3.3. The range of 0.95–1.05 on the anion was established from the 
estimated values are affected by a 10–20% error40 resulting from the integration of the proton 
signal areas in the 1H NMR spectra. 
Table 3.3 Cation to anion ratio determined by quantitative integration of 1H peaks. 
API-ILs Cation to anion ratio 
[Lid][OAc] 1: 0.97 
[Lid][OPr] 1: 0.95 
[Lid][OHex] 1: 1.03 
[Lid][Ibu] 1: 0.98 
[Pro][OAc] 1: 0.97 
[Pro][OPr] 1: 0.97 
[Pro][OHex] 1: 0.99 
[Pro][Ibu] 1: 1.00 
 
3.2.2. Fourier-transform infrared spectroscopy 
Fourier-transform infrared (FTIR) spectroscopy was used to elucidate the functional 
groups of the prepared APIs and API-ILs by analysis of the infrared stretching vibrations. The 
FTIR-ATR spectra of lidocaine and procaine free bases, and ibuprofen free acid, which were used 
in the synthesis of API-ILs, is shown in Figure 3.3. 
 
Figure 3.3 FTIR-ATR spectra of lidocaine and procaine as free bases, and ibuprofen as free acid. Critical 
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The spectrum of lidocaine free base showed several bands, namely at ca. 3250 cm–1 
associated with the N–H stretch of secondary amide (broad band), at ca. 2970 cm–1, at ca. 2800 
cm–1 and at ca. 1660 cm−1 associated with the C=O bonds of the amide group. The spectrum of 
procaine free base showed several bands, namely at ca. 3460 cm–1 and ca. 3360 cm–1 associated 
with the N–H stretches of primary amine (two bands), at ca. 2970 cm–1 (alkene C–H stretches), 
at ca. 1700 cm−1 and at ca. 1600 cm−1 associated with the C=O stretches of the ester group, at ca. 
1270 cm−1 and at ca. 1170 cm–1 related with the C–O stretches of the ester group and at ca. 840 
cm−1 associated with aromatic C–H bending vibrations (outside the aromatic ring plane). The 
spectrum of ibuprofen free acid showed several bands, namely at ca. 2950 cm–1 associated with 
the O–H stretch of the carboxyl group and at ca. 1709 cm–1 related with the C=O stretch of the 
carboxyl group27. 
 
Figure 3.4 Chemical structure of [Lid][Ibu] and expanded FTIR-ATR spectra (C=O region) of lidocaine 
free base, ibuprofen free acid and the prepared [Lid][Ibu]. Critical wavenumbers, moieties and H-bonds 
(*), are depicted with matching colors.  
Of all the synthesized API-ILs, the FTIR analysis of [Lid][Ibu] is already well established 
in literature27. Indeed, the carbonyl stretch (C=O) is one of the most important bands, and in this 
case results from the combination of three peaks as indicated in dark green in Figure 3.4. 
According to the most recent literature27, the peaks positioned at (1) ca. 1727 cm-1 can be assigned 
to carbonyl group of ibuprofen moiety, which showed a slightly shift to higher frequencies when 
compared with ibuprofen free acid (1709 cm-1), suggesting that the ibuprofen is partially ionized; 
(2) ca. 1686 cm-1 as a minimum of the band, that is “indicative of a dynamic equilibrium between 
acid, base and H-bonded eutectics” as reported by Rogers and co-workers27; and (3) ca. 1650 cm-
1 that can be assigned to the carbonyl stretch (C=O) of lidocaine’s amide group, which showed a 
slightly shift to lower frequency when compared to the lidocaine free base (ca.1660 cm-1) as 
expected27.  
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the hydrogen-bonding occurs between the carboxyl group of ibuprofen and procaine48 as 
illustrated in Figure 3.5. Indeed, the carboxylic acid shared the proton with the base to form an 
ionic specie, which is in dynamic equilibrium with the neutral species.  
 
Figure 3.5 Hydrogen bond formation between ibuprofen (top) and procaine (bottom). The interaction 
represented in the center is more stable as indicated by the staggered equilibrium arrows. Adapted from 
Rogers et al.30. 
In general, a slight deviation of the C=O stretching absorption associated with the 
carboxyl group of the acid was observed in the prepared API-ILs, suggesting that the acid is 
partially ionized (if the carboxylic acid was fully ionized, the C=O stretch would appear at ca. 
1560 cm-1 instead of at ca. 1760 cm-1). In summary, the synthesized API-ILs can be considered 
protic ILs because the acid and base both shared the carboxylic acid proton via strong hydrogen 
bonds or interactions between partially ionized species27. 
3.2.3. Thermogravimetric analysis 
The thermal stability of the synthesized API-ILs was assessed via thermogravimetric 
analysis (TGA). The decomposition temperature values were obtained using the onset 
temperature, where the sample lost 5 % of its initial mass (T5%, onset) and the inflection point of the 
first step and second step of the mass loss process (Tstep1 and Tstep2), which were taken as the 
minimum of the derivative of thermogravimetric curves (DTG). These temperatures are 
summarized in Table 3.4. 
Table 3.4 Decomposition temperatures associated with mass loss of the synthesized API-ILs. 
API-ILs T5%, onset a [°C] Tstep1 
b
 [°C] Tstep2 b  [°C] 
[Lid][OAc] 213.2 275.2 341.1 
[Lid][OPr] 135.4 272.6 331.1 
[Lid][OHex] 151.8 (100.060) 156.7 254.3 
[Lid][Ibu] 221.5 (165.259) 278.0 404.8 
[Pro][OAc] 152.7 188.6 283.9 
[Pro][OPr] 153.7 200.0 288.4 
[Pro][OHex] 181.4 215.5 279.1 
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a
Onset temperature, where the sample lost 5% of its initial mass (T5%, onset) and.
 b
 Decomposition 
temperatures associated with the first and second step of the mass loss process (Tstep1 and Tstep2, minimum 
of the peak of the mass loss derivative) were acquired at a heating rate of 10 °C min-1 from 25 °C to 500 
°C, under continuous argon flow. The onset temperatures to 5% mass loss reported in the literature are also 
depicted enclosed in parentheses.  
Figure 3.6 Thermogravimetric curves of lidocaine based-ILs (left) and procaine based-ILs (right) at 10 °C 
min-1. The T5%, onset were taken as the value corresponding to 95% mass loss represented by the horizontal 
dot lines. 
The onset temperatures to 5% mass loss were taken as the value corresponding to 95% 
mass loss as shown in Figure 3.6. TGA of both lidocaine- and procaine-based API-ILs showed 
signs of decomposition at only slightly higher temperatures, with [Lid][OPr] revealing a steeper 
mass loss, having lost 5% of its initial mass at 135.4 °C, followed by [Pro][OAc] and [Pro][OPr], 
respectively. These observed mass losses can be explained by a possibly higher water content in 
IL samples which was determined to be in the range from 0.15% to 0.25% ± 0.05 (w/w) in 
lidocaine based ILs. 
The majority of ILs are thermally stable and only undergo a one-step mass loss process50. 
According to Luo et al.50, the thermogravimetric curves determined for 16 protic amide based-
ILs revealed a two-step mass loss process, which was consistent with the loss of the cation and 
anion of the ILs, making it easier to absolutely assign a mass loss to the cation and to the anion in 
an IL. The synthesized API-ILs in this work did also generally underwent a two-step mass loss 
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Figure 3.7 Thermogravimetric curves (left Y-axis) and associated derivative curves (right Y-axis) of 
lidocainium acetate ([Lid][OAc]) (left) and procainium ibuprofenate ([Pro][Ibu]) (right) at 10 °C/min, 
under argon. Decomposition temperatures associated with the first and second step of the mass loss process 
(Tstep1 and Tstep2) were taken as the minimum of the derivative of TG curves as indicated with vertical solid 
lines. 
The rationale behind the separate cation and anion mass loss in the API-ILs studied here 
can be explained by two synergic reasons: (1) the carboxylic acid moiety is thought to be partially 
ionized, indicating that the neutral acid and base species are in dynamic equilibrium with ionized 
species as mentioned above (see section 3.2.2); and (2) the difference in volatility of the neutral 
acid and base causes the acid to evaporate first, leaving the free base behind. As to the possibly 
ionized species in the IL, the drastic increase in temperature may disrupt the formed H-bonds 
between the carboxylic acid moiety of the anion and the counterion, resulting in the neutral acid 
and base species being present again and thus being more prone to evaporate. 
3.2.4. Differential scanning calorimetry 
Differential scanning calorimetry (DSC) was used to determine the thermal transitions of 
the synthesized APIs and API-ILs. DSC experiments were programmed considering the onset 
temperature, where the sample lost 5% of its initial mass previously determined by TGA. This 
methodology optimizes DSC experiments by preventing further sample decomposition.  
Melting temperatures were taken as the minimum of an endothermic. A glass transition 
is defined as a step change in molecular mobility in the amorphous phase of the sample that results 
in a step change in heat flow, hence, glass transition temperatures were taken at the midpoint 
(inflection point)62 between onset and offset of the transition. The thermal transitions of the APIs 
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Table 3.5 Thermal properties of the synthesized APIs and API-ILs. 
APIs / API-ILs Tg-mid a  [°C] Tg b  [°C] Tm a  [°C] Tm b  [°C] 
Lidocaine     n.d. c  −60.063 68.9 68.0–69.052,53 
[Lid][OAc] −43.0 −43.064 54.1 48.064 
[Lid][OPr] −51.5    
[Lid][OHex] −58.1  −55.960   
[Lid][Ibu] −28.8 −27.459   
Procaine −37.6     n.d. c  61.054 
[Pro][OAc] −23.6 −25.051   
[Pro][OPr] −26.2    
[Pro][OHex] −39.1  79.6 d   
[Pro][Ibu] −9.8 −12.748 49.4
 d
  
Ibuprofen −41.5 −45.165 75.1 76.055 
a
 Glass transition (Tg-mid, midpoint-inflection) and melting temperatures (Tm, peak minimum) were acquired 
at a heating rate of 10 °C min-1 and of 20 °C min-1 in the case of [Lid][OAc], after cooling to −90 °C, under 
a continuous flux of nitrogen. b  Glass transition and melting temperatures reported in the literature. 
c
 Not 
detected. d  Melting point was observed only in the first cycle. In general, all samples were heated to 100 
°C to ensure total removal of any residual water and consequently, the thermal transitions were determined 
from the last heating, except where mentioned. 
In general, the obtained glass transitions were relatively close to those reported in the 
literature51,59,60,63,64 and decreased as the alkyl chain length of the short-chain carboxylate anions 
increased. The obtained API melting temperatures were the same as reported in several studies, 
except for procaine which melting point was not detected.   
According to the literature, the melting point of APIs can be significantly lowered through 
H-bonding formed between the acids and bases49,60. In fact, in the studied lidocaine based ILs, the 
melting point determined for [Lid][OAc] was lower than the lidocaine free base. In the case of 
[Lid][OPr], [Lid][OHex], [Pro][OAc] and [Pro][OPr] no melting points were observed and only 
exhibited glass transitions in the experimental conditions used, indicating that these ILs are glass 
formers.  
 
Figure 3.8 Heat flow thermograms for [Lid][OAc] obtained at 10 ºC min-1 (left) and at 20 ºC min-1 (right) 
heating (1st cycle) and cooling (2nd cycle) scans. Heat flow signal was conventionally plotted with 
exotherms up.  
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possible to be detected at heating and cooling rate of 10 °C min-1 (see Figure 3.8, left). To 
investigate this, an additional experiment has been performed by increasing the cooling and 
heating rate to 20 °C min-1 (see Figure 3.8, right). Then, when the [Lid][OAc] sample was heated, 
a glass transition was successfully detected (−43.0 °C) similar to the reported in the literature64. 
Indeed, this sample exhibited a semicrystalline morphology because it showed a glass transition 
(Tg-mid = −43.0 ºC), followed by melting at 54.1 °C. In the subsequent cooling scan, which is 
showed in Figure 3.8 (right), a crystallization process was observed (Tc = 9.9 ºC). 
Conversely, [Lid][OPr] and [Lid][OHex], which only exhibited Tg, are considered 
amorphous API-ILs.  
3.2.5. Viscosity measurements 
Viscosity is an important property for the dissolution studies as it plays a major role in 
stirring and mixing. The viscosity of a fluid is a measure of its resistance to deformation. If the 
viscosity is independent of the shear rate and stress, the fluid is classified as Newtonian fluid, 
once it obeys Newton's law of viscosity, 
𝜏 = 𝛾 ̇ 𝜂,      Equation 3.1. 
where, 𝜏 is shear stress (Pa), 𝛾 ̇ is shear rate (s-1) and 𝜂 is viscosity (Pa·s).  
To elucidate if the prepared API-ILs showed a Newtonian behavior, they have been 
submitted to a shear rate sweep at different temperatures, from 20 °C to 100 °C, with a 10 °C 
interval. From this tests, shear stress was plotted as a function of shear rate and a linear regression 
was used to assess the viscosity values given as the slope of the linear fitting (Figure 3.9).  Shear 
rate sweep plots at 20 °C are shown in Appendix III.
Figure 3.9 Shear stress as a function of shear rate for [Lid][OPr] at 20 °C. 
At 20 °C, all ILs exhibited a Newtonian fluid behavior and the respective viscosity values 
are shown in Table 3.6. To elucidate the effect of the temperature on the viscosity, an additional 
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as the temperature increased (Figure 3.10).  
 
 
Figure 3.10 Profile of the dependence of viscosity with temperature for lidocaine based-ILs (left) and 
procaine based-ILs (right) at a heating rate of 5 °C/min. 
From the plots showed in Figure 3.10, we can conclude that the synthesized ibuprofen 
based ILs were far more viscous than the others, as expected. However, all API-ILs show very 
similar viscosity values above 60 °C, except for [Lid][Ibu]. 
An Arrhenius-like law was used to describe the temperature dependence of the measured 
viscosities56. Taking the natural logarithm of the Arrhenius equation, yields 






),      Equation 3.2. 
where, 𝜂 is the viscosity in Pa·s, 𝐴 is a constant of proportionality, 𝐸𝑎 is the activation 
energy (J mol-1), 𝑅 is the universal gas constant (J mol-1·K-1) and 𝑇 is the temperature in K. 
The measured viscosities were plotted as an Arrhenius plot which displays the natural 
logarithm of the measured viscosities plotted against reciprocal of the temperature. Arrhenius 
plots are shown in Appendix IV. 
Using a linear regression, the slope of the line will be equal to 𝐸𝑎 𝑅⁄ . Therefore, the 
activation energies of the synthesized API-ILs are shown in Table 3.6. The value for the 
coefficient of determination, denoted R², suggested a good fit for the Arrhenius model (R²>0.98). 
Table 3.6 Viscosities and activation energies of the synthesized API-ILs. 
API-ILs Viscosity at 20 °C a  [Pa·s] Activation energy b  [kJ/mol] 
[Lid][OAc] 0.74 72.89 
[Lid][OPr] 0.33 47.23 
[Lid][OHex] 0.27 39.68 
[Lid][Ibu] 11.11 73.37 
[Pro][OAc] 28.11 90.60 
[Pro][OPr] 27.88 79.96 
[Pro][OHex] 3.32 83.75 
[Pro][Ibu] 522.52 104.06 
a
 Viscosity values were determined as the slope of the linear fitting from the shear rate sweep plots. b  
Activation energy values were determined from the slope of the linear fitting multiplied by the gas constant 
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The use of equation 3.2 to describe the temperature behavior of viscosity allows the 
discussion of the energy barrier of a fluid to shear stress, where a higher activation energy means 
the ions will tend to move past each other at a slow rate56. In general, the obtained activation 
energies were similar to the ones reported by Marrucho et al.56 for cholinium-based ILs also 
containing propionate and hexanoate anions. 
3.3. Characterization of biopolymers 
3.3.1. Fourier-transform infrared spectroscopy 
FTIR spectroscopy was used to elucidate the functional groups of the studied biopolymers 
by analysis of the infrared stretching vibrations. All biopolymers showed a broad band from 
around 3600 to 3000 cm–1 associated with the O–H stretch of the hydroxyl group, present in all 
polysaccharides. This band overlaps with the symmetric and asymmetric N–H stretches14. 
Figure 3.11 FTIR-ATR spectra of the studied biopolymers. Critical wavenumbers in CGC-FCT (medium 
BSM) are depicted with corresponding colors.  
The bands at ca. 2900 cm–1 assigned to the symmetric CH2 stretch14,57-59 and at ca. 2850 
cm–1 assigned to the asymmetric CH3 stretch14,57,59 only appeared in CGC-FCT (BSM) and CGC-
FCT (K) spectra despite their different intensities. The spectrum of CGC-FCT (BSM) showed 
several bands which were present in the spectra of the other studied biopolymers, including 
chitosan. These bands are positioned at ca. 1650 cm–1 (amide I band14,57-59), at ca. 1370 cm–1 (C–
H bending and symmetric CH3 deformation14,57-59), at ca. 1150 cm–1 (asymmetric C–O–C 
stretch14,57,59), at ca. 1080 cm–1 and at ca. 1040 cm–1 (C–OH stretch14,57,59) and at ca. 890 cm–1 (C–
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3.3.2. Thermogravimetric analysis 
The thermal stability of the biopolymers was assessed via TGA. The values used to 
indicate the thermal stability were the thermal decomposition values (Tdec), which were taken as 
the minimum of the derivative of thermogravimetric curves. These temperatures are reported in 
Table 3.7. 
Table 3.7 Decomposition temperatures associated with mass loss of the studied biopolymers. 
Biopolymers Tdec a [°C] 
CGC-FCT (BSM) 329.0 




 Decomposition temperatures associated with mass loss (Tdec, minimum of the peak of the mass loss 
derivative) were acquired at a heating rate of 10 °C/min from 25 °C to 600 °C, under continuous argon 
flow.  
The values obtained for thermal decomposition were in the range from 296 to 329 °C, 
with CGC-FCT (BSM) showing the highest value, hence it exhibits higher thermal stability. 
Thermogravimetric curves and derivative curves associated with mass loss of the studied 
biopolymers are shown in Appendix V. 
3.4. Dissolution studies  
During dissolution studies, biopolymer concentration, stirring rate, oil-bath temperature 
and operation time were optimized. Oil-bath temperature and operation time were adjusted 
simultaneously because an increase in temperature generally favors the biopolymers solubility. 
For this reason, oil-bath temperatures of 100 °C and 70 °C were employed for 1 and 3 days, 
respectively. The stirring rate was kept constant at 1000 rpm as this frequency of rotation allowed 
for efficient biopolymer powder interaction with the IL.  
Table 3.8 Dissolution results obtained at 70 °C (3-day oil bath) and at 100 °C (1-day oil bath). 
API-ILs 
Biopolymers CGCCom a CGCBSM b CGCK c Chitosan d 
Temperature 70 °C 100 °C 70 °C 100 °C 70 °C 100 °C 70 °C 100 °C 
[Lid][OAc]  I I Sol. Sol. I I I I 
[Lid][OPr]  I I Sol. Sol. I I I I 
[Lid][OHex]  I I I I I I I I 
[Lid][Ibu]  I I I I I I I I 
[Pro][OAc]  I I I Sol. I I I I 
[Pro][OPr]  I I I Sol. I I I I 
[Pro][OHex]  I I I I I I I I 
[Pro][Ibu]  I I I I I I I I 
Sol. – Soluble at 1 wt.%. I – Insoluble at 1 wt.%. a Commercial (KitoZyme). b FCT (medium BSM). c FCT 
(medium K). d Practical grade, from shrimp shells. 
The obtained dissolution results can be seen in Table 3.8. A solubility of 1 wt% was 
attained for CGCBSM with ILs containing acetate and propionate anions. These results were 
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mentioned literature reports for acetate based-ILs in chitin dissolution28-34 and carboxylate-based 
ILs in CGC35-37 dissolution. In this work, hexanoate based-ILs were not able to dissolve any 
biopolymer, which can be possibly explained by their higher steric hindrance given by the longer 
length of the hexanoate alkyl chain. 
While chitin content and degree of acetylation (DA) are amongst the most critical factors 
affecting the dissolution of chitin and chitosan, the β-glucan:chitin molar ratios of the three CGCs 
studied here were estimated in previous works35,36 from elemental analysis (Table 3.9). 
Table 3.9 CGCs β-glucan:chitin molar ratio38,39. 
CGCs β-glucan:chitin molar ratio (mol%) 
Commercial 50:50 
FCT (medium BSM) 75:25 
FCT (medium K) 63:37 
 
As CGCBSM has the lowest chitin content of the studied CGCs, it was expected to be easier 
to dissolve. In fact, CGCBSM was soluble in the API-ILs ILs containing acetate and propionate 
anions. However, the mixtures became saturated at 1 wt.%, judged by the fact that the biopolymer 
particles could not be dissolved further, since they were clearly observed in suspension and/or at 
the vial bottom.  
Ferreira et al.37 reported CGC dissolution values above 5 wt.% using choline based-ILs, 
namely, choline acetate ([Chol][OAc]), choline propionate ([Chol][OPr]) and choline hexanoate 
([Chol][OHex]), which were the same carboxylate anions selected here. Even though the 
dissolution conditions used here were similar (i.e., 24h at ca. 100 °C), choline based ILs were 
able to dissolve CGC to a greater extent since they may perform a better interaction with the polar 
domains of chitin in CGC because they consist of fully ionized IL (aprotic ILs). In the protic API-
ILs studied here, FTIR analysis suggested the acid was partially ionized, resulting in the neutral 
acid and base species being present, and thus possibly disabling bridging between anions (e.g., 
AcO-) and chitin chains (NH···AcO-···HO)32. Besides, recent literature reports also indicate that 
H-bonding already exists between the carboxyl group of the acid and the base in these ILs. 
In the studied procaine based-ILs, dissolution occurred only at 100 °C, while in lidocaine 
based-ILs dissolution occurred regardless of the operation time and temperature increase from 70 
°C to 100 °C. This temperature increase produced a dark brown mixture in all the studied CGCs 
which suggest that a possible deacetylation reaction has occurred since the shift from light to dark 
brown is typical in these reactions and the studied API-ILs showed thermal stability at 100 °C in 
TGA experiments. However, it is recommendable to study the long-term thermal stability of ILs 
at 100 °C by performing isothermal TGA measurements for 24h (dissolution operation time). 
Chitosan was insoluble at 1 wt.% in the studied API-ILs despite having a reported solubility 
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analysis. Although it was expected to be easier to dissolve in acetate based ILs, its dissolution 
mechanism is thought to be dependent mainly on the acidity of the medium, where chitosan 
molecules are more or less ionized up to pH 6.0 and the ionization increases as the pH moves to 
low values10,61. In this way, the synthesized API-ILs are thought to have a basic character making 
it impossible to dissolve chitosan.  
3.5. Development of biopolymeric structures 
For the ILs where a successful dissolution of 1 wt.% CGC-FCT (BSM) was visually observed, 
a biopolymeric structure was developed. After casting the obtained mixture into a metal disk, a 
phase inversion process in distilled water or water containing 10 % (v/v) of glycerol was 
performed for 24 h at room temperature. The non-solvent used in the coagulation bath was 
distilled water because the biopolymer is insoluble, the APIs lidocaine and procaine are slightly 
water-soluble74,75 and, acetic and propionic acids are very water-soluble. After drying at room 
temperature, the biopolymeric structures were obtained as solids (Figure 3.12 (a) and 3.12 (c)) 
and liquid (Figure 3.12 (b)). 
 
Figure 3.12 Biopolymeric structures based on CGC-FCT (medium BSM). (a) [Lid][OPr] based CGC 
structure obtained from a 1-day oil bath dissolution at 100 °C and prepared using water containing 10% 
(v/v) of glycerol. (b) [Pro][OPr] based CGC structure obtained from a 1-day oil bath dissolution at 100 °C 
and prepared using water as nonsolvent. (c) [Lid][OAc] based CGC structure obtained from a 3-day oil 
bath dissolution at 70 °C and prepared using water as nonsolvent. 
Glycerol is a very hygroscopic molecule commonly added to film-forming solutions to 
act as plasticizer and avoid film brittleness. The aim of using water containing 10% (v/v) of 
glycerol as plasticizer in phase inversion was to overcome the fragility and brittleness exhibited 
by the CGC solid structures obtained using only water.  
A total of 8 solid CGC structures (here designed as films) were obtained from lidocaine 
based ILs ([Lid][OAc] and [Lid][OPr]) using different dissolution conditions, whereas only one 
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3.6. Characterization of films 
3.6.1. Scanning electron microscopy 
The cross section and surface morphology of the films was assessed by scanning electron 
microscopy (SEM) to better understand their morphology. The surface images of [Lid][OAc] 
based CGC films showed a dense and heterogeneous surface with aggregate formation regardless 
of the temperature increase from 70 °C to 100 °C (Figure 3.13), which indicate that precipitation 
of lidocaine possibly occurred during phase inversion since lidocaine is slightly water-soluble74. 
SEM micrographs of the cross section and surface for [Lid][OAc] and [Lid][OPr] based CGC 
films are shown in Appendix VI.   
Figure 3.13 Surface images of [Lid][OAc] based CGC films obtained from (a) a 1-day oil bath dissolution 
at 100 °C and prepared using water as nonsolvent, and (b) a 3-day oil bath dissolution at 70 °C and prepared 
using water as nonsolvent. Micrographs were obtained at 1000× magnification and acquired using Esprit 
1.9 software. 
3.6.2. Fourier-transform infrared spectroscopy 
FTIR spectroscopy was used to elucidate the functional groups of the obtained films by 
analysis of the peaks related with the infrared stretching vibrations. Lidocaine free base was used 
in the synthesis of API-ILs, which were employed as solvents in CGC dissolution for the 
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Figure 3.14 FTIR-ATR spectra of CGC-FCT (medium BSM), lidocaine free base, lidocainium propionate 
([Lid][OPr]) and respective films (A-D). Critical wavenumbers and fingerprint region (F.R.) in free 
lidocaine spectrum are depicted with corresponding color. A – 3-day oil bath dissolution at 70 °C and 
prepared using water as nonsolvent; B – 3-day oil bath dissolution at 70 °C and prepared using water 
containing 10% (v/v) of glycerol; C – 1-day oil bath dissolution at 100 °C and prepared using water as 
nonsolvent; D – 1-day oil bath dissolution at 100 °C and prepared using water containing 10% (v/v) of 
glycerol. 
The most critical bands assigned to lidocaine free base showed similar wavenumber 
values in the spectra of the obtained films (A-D), which indicates the presence of lidocaine upon 
phase inversion, regardless of the used dissolution conditions. Besides, the fingerprint region of 
lidocaine free base (between 1500 and 400 cm-1) is very similar to the fingerprint region of all the 
obtained films which implies they are composed of lidocaine mostly (FTIR-ATR spectra for 
[Lid][OAc] based CGC films are shown in Appendix VII). 
The carbonyl stretch (C=O) is one of the most useful absorptions because its located 
outside the fingerprint region, found in the range 1750 – 1680 cm-1 (see Figure 3.15). Its position 
varies slightly depending on what sort of functional group it is in (e.g., amide group of lidocaine 
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Figure 3.15 Expanded 2000 – 1500 cm-1 region of the FTIR-ATR spectra of lidocaine free base, 
lidocainium propionate ([Lid][OPr]) and respective films (A-D). Critical wavenumbers in lidocaine free 
base and [Lid][OPr] spectra are depicted with matching colors. A – 3-day oil bath dissolution at 70 °C and 
prepared using water as nonsolvent; B – 3-day oil bath dissolution at 70 °C and prepared using water 
containing 10% (v/v) of glycerol; C – 1-day oil bath dissolution at 100 °C and prepared using water as 
nonsolvent; D – 1-day oil bath dissolution at 100 °C and prepared using water containing 10% (v/v) of 
glycerol. 
The band assigned to the C=O stretch of propionic acid carboxyl group in [Lid][OPr] 
spectrum at 1688 cm−1 is slightly shifted to a higher frequency than in the films and in free 
lidocaine spectra at 1662 cm−1, suggesting the acid was partially or totally removed upon phase 
inversion. The rationale behind the acid removal upon phase inversion and not lidocaine free base 
can be explained by two synergic reasons: (1) as explained in section 3.2.2, the carboxylic acid 
moiety is thought to be partially ionized, resulting in the neutral acid and base species being 
present, and (2) free lidocaine is slightly water-soluble63, whereas propionic and acetic acids are 
very water-soluble66,67.  
The most intense and characteristic bands present in CGC-FCT (BSM) spectrum 
discussed in section 3.3.1 did not appear in the films' spectra (A-D) because the films' FTIR 
analysis infers that they are composed mainly of lidocaine free base as explained above. This 
result was expected given that the biopolymer concentration used in dissolution studies was 1 
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3.6.3. Differential scanning calorimetry 
DSC was used to determine the thermal transitions of the obtained films. As mentioned 
earlier, lidocaine free base was used in the synthesis of API-ILs, which were employed as solvents 
in CGC dissolution for the preparation of the 8 obtained films mentioned in Figure 3.16 from A1 
to D1, where 1 stands for [Lid][OAc] based CGC films, and from A2 to D2 where 2 stands for 
[Lid][OPr] based CGC films.  
Figure 3.16 (a) Heat flow thermograms for lidocaine free base (Lidocaine, Tm = 69 °C), lidocainium acetate 
([Lid][OAc], Tm = 64 °C), and respective films (A1-D1). (b) Heat flow thermograms for free lidocaine 
(Lidocaine, Tm = 69 °C), lidocainium propionate ([Lid][OPr], Tg = −52 °C), and respective films (A2-D2). 
Thermal transitions in free lidocaine and API-ILs thermograms are depicted with matching colors. A – 3-
day oil bath dissolution at 70 °C and prepared using water as nonsolvent; B – 3-day oil bath dissolution at 
70 °C and prepared using water containing 10% (v/v) of glycerol as nonsolvent; C – 1-day oil bath 
dissolution at 100 °C and prepared using water as nonsolvent; D – 1-day oil bath dissolution at 100 °C and 
prepared using water containing 10% (v/v) of glycerol. Melting temperatures (Tm, peak minimum) and glass 
transition (Tg, midpoint-inflection) were acquired at a heating rate of 10 °C/min, after cooling to −90 °C, 
under nitrogen.  
Lidocaine free base melted within the range reported in the literature (68–69 °C52,53). As 
it can be seen in Figure 3.16, the obtained films showed melting points at ca. 69 °C, similar to 
lidocaine free base. Besides, the endothermic peaks exhibited by the films were sharp as in 
lidocaine free base heat flow thermogram. These results are in line and support the conclusions 
from the previously discussed FTIR studies, which implied the films were composed of lidocaine 
mostly. 
According to the literature, the melting point of APIs can be significantly lowered through 
H-bonding between only partially ionized mixtures of acids and bases26,49. In general, the films 
showed lower melting temperatures than lidocaine free base, which can be explained by the 
presence of residual amounts of acetic or propionic acids. According to the previously discussed 
FTIR studies, these components are present in lower amounts when compared to lidocaine free 
base, however they may cause defects in the crystalline lattice of lidocaine free base, making it 
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3.6.4. Thermogravimetric analysis 
The thermal stability of the obtained films was assessed via TGA. The values used to 
indicate the thermal stability were the thermal decomposition values in terms of the onset 
temperature to 5% mass loss (T5%). These temperatures are reported in Table 3.10.  
Table 3.10 Decomposition temperatures associated with mass loss of the obtained films. 




Water A1 201.1 
Glycerol 10% (v/v) B1 177.5 
100 °C 
Water C1 195.5 
Glycerol 10% (v/v) D1 194.1 
[Lid][OPr]-CGC 
70 °C 
Water A2 202.7 
Glycerol 10% (v/v) B2 177.2 
100 °C 
Water C2 187.6 
Glycerol 10% (v/v) D2 204.8 
a  
Onset temperatures where occurs loss of 5% of its initial mass (T5%, onset) of the obtained films were 
acquired at a heating rate of 10 °C min-1 from 25 °C to 500 °C, under continuous argon flow.  
 
 
Figure 3.17 Thermogravimetric curves for [Lid][OAc] based CGC films (left) and for [Lid][OPr] based 
CGC films (right) at 10 °C/min. The onset temperatures, where occurs loss of 5 % of its initial mass, were 
taken as the value corresponding to 95% mass loss represented by horizontal dashed lines. 
TGA traces of both [Lid][OAc] and [Lid][OPr] based CGC films were similar and showed 
signs of decomposition at only slightly elevated temperatures. Films A1, A2 and D2 revealed a 
less steep mass loss, having lost 5% of its mass at ca. 200 °C. On the other hand, films B1 and C2 
exhibited a steeper mass loss above the onset temperature to 5% mass loss, having lost around 
95% of their mass slightly above ca. 250 °C, whereas the other films showed around 95% mass 
loss at ca. 300 °C. As mentioned in section 3.2.2, CGC-FCT (BSM) showed thermal 
decomposition at 329.0 °C, hence by the time the films have lost almost all their mass, the CGC 
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3.6.5. Contact angle analysis 
Contact angle measurements were performed to evaluate the hydrophilicity of the 
obtained films. In other words, a drop of distilled water was placed at the film surface to measure 
its wettability. Wettability refers to how a liquid deposited on a solid (film) substrate spreads out 
or the ability of liquids to form limit surfaces with solid states68. When a film forms a contact 
angle with the water droplet smaller than 90°, it can be considered as a hydrophilic film. Higher 
hydrophilicity enables the film to have better cell attachment and enhanced biological behavior, 
in the case of a potential dermal application69. 
Table 3.11  Contact angles of the obtained films. 




Water 36.23 ± 3.03 
Glycerol 10% (v/v) 41.87 ± 3.93 
100 °C 
Water 63.07 ± 7.35 
Glycerol 10% (v/v) 75.55 ± 4.06 
[Lid][OPr]- CGC 
70 °C 
Water 35.05 ± 6.74 
Glycerol 10% (v/v) 60.90 ± 8.12 
100 °C 
Water 48.99 ± 3.26 
Glycerol 10% (v/v) 90.76 ± 2.77 
a
 Determined by placing a drop of distilled water at the film sample surface using a syringe (sessile drop 
method). 
In general, all films showed contact angles lower than 90° exhibiting a hydrophilic 
behavior, where the water has spread over a large area at the surface of the film. The films 
obtained using water containing 10% (v/v) of glycerol as plasticizer showed to be significantly 
less hydrophilic than without any plasticizer, which can be possibly explained by the presence of 
glycerol molecules at the film surface which is less polar than water.  
Ferreira et al.37 also obtained hydrophilic CGC films using choline based-ILs composed 
by the same anions studied here. The reported contact angles were similar to the higher ones 
obtained here, namely 70.0 ± 3.4° using [Chol][OAc] and 79.2 ± 6.2° using [Chol][OPr].  
3.6.6. Mechanical properties 
Puncture tests were performed to assess the mechanical properties of the films. The 
maximum force at break was estimated from these tests as the force needed to break the film using 
a needle probe. From the obtained forces and knowing the diameter of the needle probe, the tensile 
strength of the films was determined as the ratio between the maximum force at break and the 




,      Equation 3.3. 
where, 𝜎 is tensile strength (Pa), 𝐹 is the maximum force at break (N) and 𝑅 is the needle 
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Since the obtained films had different thicknesses, a normalised tensile strength was 
determined as the ratio between the tensile strength and the respective film mean thickness to 
enable a viable comparison between the films’ tensile strength. Herein, the tensile strength was 
assessed as the maximum load that the film can hold until rupture. A higher tensile strength 
enables the film to resist external stress, maintain its integrity and act as a barrier36. 
















Water 1.88 ± 0.02 0.74 ± 0.20 0.39 ± 0.11 
Glycerol 10% (v/v) 2.10 ± 0.19 1.02 ± 0.56 0.48 ± 0.26 
100 °C 
Water 2.04 ± 0.03 1.66 ± 0.52 0.81 ± 0.25 





Water 1.95 ± 0.13 0.96 ± 0.35 0.49 ± 0.18 
Glycerol 10% (v/v) 2.85 ± 0.05 1.52 ± 0.07 0.53 ± 0.03 
100 °C 
Water 1.68 ± 0.12 1.36 ± 0.46 0.81 ± 0.28 
Glycerol 10% (v/v) 1.95 ± 0.10 0.87 ± 0.32 0.45 ± 0.16 
a
 Thickness measurements were performed at three random positions avoiding the edges of the film to 
calculate the mean thickness.  
The highest value of tensile strength was achieved for the films obtained at 100 °C using 
water as nonsolvent. The effect of the anion in the IL ([OAc] or [OPr]) did not seem to be 
significative, which can be explained by the fact that the acid has been partially removed as 
indicated by FTIR studies. Also, the increase of dissolution temperature from 70 °C to 100 °C led 
to higher tensile strength values using the IL [Lid][OAc], suggesting that the mechanical 
properties of the prepared films were better.  
The aim of using water containing 10% (v/v) of glycerol as plasticizer in phase inversion 
was to overcome the fragility and brittleness exhibited by the films obtained using only water. On 
the one hand, the use of the plasticizer increased the tensile strength of the films obtained at 70 
°C. On the other hand, the use of water as nonsolvent produced films considerably more resistant, 
invalidating the use of glycerol 10% (v/v) to overcome the brittleness in the obtained films. 
Many studies have evaluated chitin films for having high strength, flexibility, and 
conformability in the dry state without the aid of chemical modifications or plasticizers70. Ferreira 
et al.37 obtained flexible CGC films with good mechanical properties using choline based-ILs 
composed by the same anions studied here. The reported tensile strengths were far higher than 
the ones obtained here, namely 3.39 ± 0.53 MPa/mm using [Chol][OAc] and 1.91 ± 0.26 MPa/mm 
using [Chol][OPr].  
In general, the obtained CGC films were brittle and fragile which limits their potential for 
application. The brittleness exhibited by the films could be attributed to free lidocaine that tends 
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3.7. Characterization of hydrogel 
3.7.1. Fourier-transform infrared spectroscopy 
FTIR spectroscopy was used to elucidate the functional groups of the obtained hydrogel 
by analysis of the peaks related with the infrared stretching vibrations. Procaine free base was 
used in the synthesis of API-ILs, which were employed as solvents in CGC dissolution for the 
preparation of the obtained hydrogel. 
 
Figure 3.18 FTIR-ATR spectra of CGC-FCT (medium BSM), procaine free base, procainium propionate 
([Pro][OPr]), and respective hydrogel (A) obtained from a 1-day oil bath dissolution at 100 °C and prepared 
using water as nonsolvent. Critical wavenumbers and fingerprint region (F.R.) in free procaine spectrum 
are depicted with corresponding color. 
In Figure 3.18, the most critical bands assigned to procaine free base showed similar 
wavenumber values in the hydrogel spectrum (A), which indicates the presence of procaine upon 
phase inversion. Besides, the fingerprint region of procaine free base is very similar to the 
fingerprint region of the obtained hydrogel which implies it is composed of procaine mostly since 
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Figure 3.19 Expanded 1800 – 1300 cm-1 region of the FTIR-ATR spectra of procaine free base, procainium 
propionate ([Pro][OPr]), and respective hydrogel (A) obtained from a 1-day oil bath dissolution at 100 °C 
and prepared using water as nonsolvent.  
In Figure 3.19, the position of the C=O stretch varies slightly depending on what sort of 
functional group it is in (e.g., ester group of procaine or carboxyl group of propionic acid). The 
band assigned to the C=O stretch of propionic acid carboxyl group in [Pro][OPr] spectrum at 1694 
cm−1 is slightly shifted to a higher frequency than in the hydrogel and free procaine spectra at 
1687 cm−1, suggesting the acid was partially removed upon phase inversion. Besides, the peak 
located at 1573 cm−1 in procaine free base spectrum appears in the hydrogel spectrum, whereas 
the band located at 1461 cm−1 in [Pro][OPr] spectrum did not appear in the hydrogel and procaine 
free base spectra. The rationale behind the acid removal upon phase inversion and not procaine 
free base can be explained by two synergic reasons: (1) as explained in section 3.2.2, the 
carboxylic acid moiety is thought to be partially ionized, resulting in the neutral acid and base 
species being present, and (2) procaine is slightly water-soluble64, whereas propionic acid is 
soluble in water67.  
As mentioned in the films’ FTIR studies, the most intense and characteristic bands present 
in CGC-FCT (BSM) spectrum discussed in section 3.3.1 did not appear in the hydrogel spectrum 
because the hydrogel FTIR analysis implies that it is composed mainly of free procaine as 
explained above. This result was expected given that the biopolymer concentration used in 
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3.7.2. Differential scanning calorimetry 
DSC was used to determine the thermal transitions of the obtained films. As mentioned 
earlier, procaine free base was used in the synthesis of API-ILs, which were employed as solvents 
in CGC dissolution for the preparation of the obtained hydrogel. 
Figure 3.20 Heat flow thermograms for procaine free base (Procaine, Tg = −38 °C), procainium propionate 
([Pro][OPr], Tg = −26 °C), and respective hydrogel (A, Tg = −33 °C) obtained from a 1-day oil bath 
dissolution at 100 °C and prepared using water as nonsolvent. Thermal transitions in free procaine, 
procainium propionate, and respective hydrogel thermograms are depicted with matching colors. Glass 
transitions (Tg, midpoint-inflection) were acquired at a heating rate of 10 °C min-1, after cooling to −90 °C, 
under nitrogen. The drying procedure employed to remove any residual water from the samples consisted 
of the first heating scan, where the sample was heated to 120 °C followed by a 1-minute isotherm. For this 
reason, the thermal transitions were determined from the last heating and cooling scans. 
As it can be seen in Figure 3.20, procaine free base, [Pro][OPr] and the obtained hydrogel 
showed similar glass transitions. However, the Tg of the hydrogel (−33 °C) was closer to the Tg 
of procaine (−38 °C). These results are in line and support the conclusions from the previously 
discussed FTIR studies, which implied the films were composed of procaine mostly and propionic 
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3.7.3. Thermogravimetric analysis 
The thermal stability of the obtained hydrogel was assessed via TGA. The values used to 
indicate the thermal stability were the onset temperatures where occurs loss of 5% of its initial 
mass (T5%, onset), and the thermal decomposition value (Tdec) which was taken as the minimum of 
the derivative of the thermogravimetric curve. 
Figure 3.21 Thermogravimetric curve (left) and derivative curve (right) associated with mass loss of the 
obtained hydrogel. The onset temperatures where occurs loss of 5 % of its initial mass was taken as the 
value corresponding to 95% mass loss represented by the horizontal dashed line and was acquired at a 
heating rate of 10 °C/min from 25 °C to 500 °C, under continuous argon flow. 
The endothermic peak observed at 163.0 °C (Figure 3.21, right) can be related to the 
evaporation of the solvent used in free procaine synthesis (water) since the hydrogel sample had 
lost 5% of its mass until 165.5 °C (Figure 3.21, left). As mentioned in section 3.2.2, CGC-FCT 
(BSM) showed thermal decomposition at 329.0 °C, hence by the time the hydrogel has lost ca. 
80% of its mass, the CGC will still be present. 
3.7.4. Rheological studies 
Rheological studies were performed to assess the viscoelastic properties of the obtained 
hydrogel. A stress sweep was performed in the range of 0.1 to 1000 Pa at a constant frequency of 
1 Hz. The linear viscoelastic region did not appear in the stress sweep test because this region 
occurred before the minimum tension value chosen in the test (0.1 Pa). However, we selected a 
tension of 0.5 Pa to perform the frequency sweep test because we considered it a minimum value 
so that enough energy was exerted on the sample and to obtain data related to the storage and loss 
moduli, G' and G'', respectively. The relation between these moduli will enable to assess the 
viscoelastic properties of the sample, even though the mechanical spectrum obtained is indicative 
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Figure 3.22 Mechanical spectrum of the hydrogel obtained from a 1-day oil bath dissolution at 100 °C and 
prepared using water as nonsolvent. 
Since G'' is proportionally superior to G' in two orders of magnitude we can conclude that 
the sample has a viscous behavior and very little elastic, that is, close to the liquid as one would 















The synthesized API-ILs were considered protic ILs because FTIR studies suggested the 
acid was partially ionized, resulting in the neutral acid and base species being present in a dynamic 
equilibrium with ionized species. Besides, recent literature reports on the same ILs also indicated 
that hydrogen-bonding occurs between the carboxyl group of the acid and the base.  
After the preparation of the polymeric structures in the form of films and hydrogels, they 
were fully characterized using different techniques. FTIR results suggested that the films were 
mainly composed by lidocaine free base, and the hydrogel by procaine free base. The band 
assigned to the C=O stretch of propionic acid in the API-ILs spectra was slightly shifted to a 
higher frequency when compared to the films/hydrogel and to the lidocaine/procaine free bases 
spectra, suggesting that the acid was partially removed upon phase inversion. The rationale behind 
the acid removal upon phase inversion and not lidocaine/procaine free bases can be explained by 
two synergic reasons: (1) the carboxylic acid moiety is thought to be partially ionized, resulting 
in the neutral acid and base species being present, and (2) lidocaine and procaine free bases are 
slightly water-soluble, whereas propionic and acetic acids are very water-soluble.  
DSC results of the polymeric structures obtained were in accordance and support the 
conclusions from the previously discussed FTIR studies, since the films presented melting points 
similar to lidocaine free base, and the hydrogel presented a glass transition similar to procaine 
free base. 
CGC-FCT (BSM) showed thermal decomposition at 329 °C via TGA, hence by the time 
the films and hydrogel have lost a large amount of their mass, the biopolymer will still be present.  
The obtained hydrogel exhibited a viscous behavior, whereas the 8 films exhibited 
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5. Future work 
 
The synthesized ILs were composed mostly by the base in terms of mass, which may 
explain the insolubility of chitosan, for example. For this reason, eutectic mixtures containing the 
APIs and carboxylic acids may be performed in the acid-base molar ratio of 2:1, instead of 1:1. 
In order to optimize the phase inversion method and thus the development of polymeric 
structures, IL solubility studies with solvents of different polarity should be performed to screen 
a suitable non-solvent capable to remove the IL upon phase inversion method to a greater extent 
than performed here. During phase inversion method, the non-solvent volume, time of operation, 
temperature and drying conditions (environment) are parameters that should be considered. 
After obtaining polymeric structures, elemental analysis for glucosamine quantification 
should be performed to assess the glucosamine content and degree of acetylation since the 
interaction with ILs under high temperatures may cause reduction of the DA and a reduction of 
their β-glucan moiety37. 
Lastly, to further evaluate the potential application of the obtained polymeric structures and 
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Appendix I – Synthesis of API-ILs
 
Figure A1. Synthesized API-ILs at room temperature. The same counterions were labeled with the same 
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Appendix II – Proton nuclear magnetic resonance spectroscopy 
 
Figure A2.1 1H NMR spectrum of [Lid][OAc] in DMSO-d6 solution and assignment of the proton signals 
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Figure A2.2 1H NMR spectrum of [Lid][OPr] in DMSO-d6 solution and assignment of the proton signals 
to hydrogen-labeled chemical structure of [Lid][OPr].  
 
Figure A2.3 1H NMR spectrum of [Lid][OHex] in DMSO-d6 solution and assignment of the proton signals 
to hydrogen-labeled chemical structure of [Lid][OHex].  
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to hydrogen-labeled chemical structure of [Lid][OAc].  
 
 
Figure A2.5 1H NMR spectrum of [Pro][OPr] in DMSO-d6 solution and assignment of the proton signals 
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Figure A2.3 1H NMR spectrum of [Pro][OHex] in DMSO-d6 solution and assignment of the proton signals 
to hydrogen-labeled chemical structure of [Pro][OHex].  
 
Figure A2.7 1H NMR spectrum of [Pro][Ibu] in DMSO-d6 solution and assignment of the proton signals to 
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Appendix III – Viscosity measurements (shear rate sweeps) 
 
Figure A3.1 Shear stress as a function of shear rate for [Lid][OAc] at 20 °C. 
 
Figure A3.2 Shear stress as a function of shear rate for [Lid][OHex] at 20 °C. 
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Figure A3.4 Shear stress as a function of shear rate for [Pro][Ibu]  at 20 °C. 
 
 
Figure A3.5 Shear stress as a function of shear rate for [Pro][OAc] at 20 °C. 
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Appendix IV – Viscosity measurements (temperature sweeps) 
 
 
Figure A4.1 Arrhenius plot for [Lid][OAc]. 
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Figure A4.3 Arrhenius plot for [Lid][OHex]. 
 
Figure A4.5 Arrhenius plot for [Lid][Ibu]. 
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Figure A4.6 Arrhenius plot for [Pro][OPr]. 
 
 
Figure A4.7 Arrhenius plot for [Pro][OHex]. 
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Appendix V – Thermogravimetric analysis 
 
Figure A5.1 Thermogravimetric curves associated with mass loss of the studied biopolymers. 
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Appendix VI – Scanning electron microscopy 
 
Table A6.1 SEM micrographs of the cross section and surface for [Lid][OAc] based CGC films obtained 






















Film cross section (magnification 40×). 
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Table A6.2 SEM micrographs of the cross section and surface for [Lid][OPr] based CGC films obtained at 






















Film cross section (magnification 40×). 
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Appendix VII – Fourier-transform infrared spectroscopy 
 
Figure A7.1 FTIR-ATR spectra of CGC-FCT (medium BSM), lidocaine free base, lidocainium acetate and 
respective films (A-D). A – 3-day oil bath dissolution at 70 °C and prepared using water as nonsolvent; B 
– 3-day oil bath dissolution at 70 °C and prepared using water containing 10% (v/v) of glycerol; C – 1-day 
oil bath dissolution at 100 °C and prepared using water as nonsolvent; D – 1-day oil bath dissolution at 100 
°C and prepared using water containing 10% (v/v) of glycerol. 
